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that	 use	 the	 parasite	 genetic	 structure	 to	 infer	 transmission	 processes	within	 the	





markers,	we	 identify	 strongyles	 infecting	 this	primate	community	as	O. aculeatum,	















species,	 they	 are	 also	 considered	 to	 be	 important	 threats	 to	 biodi-
versity	 conservation	 and	 public	 health	 (Cleaveland,	 Laurenson,	 &	
Taylor,	2001;	Jones	et	al.,	2008).	This	perspective,	however,	has	been	








Gastrointestinal	 nematodes	 are	 an	 example	 of	 such	 a	 group,	
being	 geographically	 widespread	 and	 having	 the	 potential	 to	 in-
fect	multiple	host	species.	Those	nematode	species	with	direct	life	
cycles	 pass	 infective	 stages	 into	 the	 external	 environment,	where	
they	can	remain	for	extended	periods	of	time	and	transmit	through	
shared	 habitat	 use,	 without	 the	 need	 for	 direct	 contact	 between	
hosts.	Strongylid	nematodes,	for	example,	are	among	the	most	com-




primates	 and	 humans	 (Krief	 et	 al.,	 2010;	 Polderman	 &	 Blotkamp,	
1995;	Terio	et	al.,	2011,	2018).




and	Ghana	 (Krepel,	 1994;	 Polderman	&	Blotkamp,	 1995;	 Polderman,	




Lieshout	et	 al.,	 2005;	Stewart	&	Gasbarre,	1989)	 led	epidemiologists	
to	 question	 whether	 nonhuman	 primates	 acted	 as	 wild	 reservoirs	




The	 other	 two	 nodule	 worm	 species	 that	 infect	 primates	 are	
O. stephanostomum and O. aculeatum.	The	former	has	been	reported	
to	 infect	 chimpanzees	 (Pan troglodytes schweinfurthii,	 Huffman	 et	
al.,	1996;	Huffman,	Gotoh,	Turner,	Hamai,	&	Yoshida,	1997,	Krief	et	




mum	has	not	been	detected	 in	humans	 living	 in	close	proximity	 to	
gorillas	in	Gabon	(Makouloutou	et	al.,	2014)	or	bonobos	(Pan panis-
cus)	 in	 the	Democratic	Republic	of	 the	Congo	 (Narat	et	 al.,	 2015),	










Japan Japanese	macaque	(Macaca fuscata) Ota	et	al.	(2015)











Tanzania Yellow	baboon	(Papio cynocephalus) Ota	et	al.	(2015)
South	Africa Chacma	baboon	(Papio ursinus) Ota	et	al.	(2015)


























of	 infection	 coming	 from	 macaques	 in	 Asia	 (Japanese	 macaques	
[M. fuscata]:	Hashimoto	&	Honjo,	 1966,	Arizono,	Yamada,	Tegoshi,	






As	 is	 the	 case	 with	 other	 soil-transmitted	 helminths	 of	 public	
health	concern,	the	first	challenge	for	diagnosis	 is	species	 identifi-
cation,	as	strongyle	eggs	have	almost	no	diagnostically	useful	mor-




Necator),	 Trichostrongylus,	 Ternidens, and Oesophagostomum,	
whose	 eggs	 cannot	 be	 distinguished	 with	 certainty	 by	 micros-
copy	 alone	 (Polderman	 &	 Blotkamp,	 1995).	 For	 example,	 there	 is	
considerable	 overlap	 in	 egg	morphology	 and	 size	 for	Necator and 
Oesophagostomum,	but	the	former	 is	significantly	more	pathogenic	
than	 the	 latter.	 Although	morphology	 of	 infective-stage	 L3 larvae 






agnostics	 and	 epidemiological	 studies,	 which	 have	 resulted	 in	 the	
identification	of	new	 lineages/strains	within	parasite	 species,	 show-
ing	new	 levels	 of	 diversity	 and	 transmission	dynamics	 and	 suggest-
ing	that	not	all	hosts	are	infected	equally.	In	Uganda,	two	species	of	
Oesophagostomum	 and	 a	 third	 uncharacterized	 and	 potentially	 zoo-
notic	 lineage	have	been	 reported	 to	 circulate	 in	 nonhuman	primate	
communities	and	adjacent	human	populations	(Cibot	et	al.,	2015;	Ghai,	
Chapman,	Omeja,	Davies,	&	Goldberg,	2014).	A	similar	scenario	has	







Here,	 toward	 a	 more	 complete	 picture	 of	 Oesophagostomum 
species	 infecting	 nonhuman	 primates	 in	 Asia,	 we	 aimed	 to	 exam-
ine	 the	 genetic	 diversity	 of	 the	 genus	within	 a	 community	 of	 pri-
mates	 in	 the	 Lower	 Kinabatangan	 Wildlife	 Sanctuary,	 Malaysian	















site.	However,	we	 also	 hypothesized	 that,	 if	 substructuring	 is	 evi-
dent,	 phylogenetic	 barriers	may	be	 the	most	 likely	 explanation.	 In	
the	latter	case,	we	predicted	that	substructuring	in	the	parasite	pop-
ulation	would	occur	between	rather	than	within	primate	lineages.
2  | MATERIAL S AND METHODS








and	southern	pig-tailed	macaques	 (Macaca fascicularis,	M. nemes-
trina),	 silvered,	maroon	and	Hose's	 langurs	 (Trachypithecus crista-
tus,	Presbytis rubicunda and P. hosei),	 proboscis	monkeys	 (Nasalis 
larvatus),	Bornean	orangutans	(Pongo pygmaeus),	Bornean	gibbons	
(Hylobates muelleri),	Western	tarsiers	(Cephalopacus bancanus),	and	
Philippine	slow	 lorises	 (Nycticebus menagensis).	 In	October	2015,	
we	 conducted	 noninvasive	 fecal	 sampling	 of	 the	most	 abundant	
species	within	three	groups	of	primates:	colobines	(proboscis	mon-




between	 6:00	 a.m.	 and	 8:00	 a.m.	 As	 direct	 observation	 of	 def-
ecation	was	not	possible	with	 these	unhabituated	groups,	which	





Although	 short	 fragments	 of	 strongyle	 parasite	 DNA	 can	 be	
detected	 in	 host	 feces	 using	 PCR	 (de	 Gruijter,	 Gasser,	 Polderman,	
Asigri,	 &	Dijkshoorn,	 2005;	Gasser	 et	 al.,	 2006;	Verweij,	 Polderman,	
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orangutans	(6))	using	a	modified	Harada-Mori	filter-paper	technique	fol-
lowing	Hasegawa	(2009)	to	develop	L3 larvae	and	extract	DNA	directly	
from	 them	 instead.	Developed	 larvae	migrating	 into	 the	water	were	
fixed	in	70%	ethanol	and	later	morphologically	identified	to	genus	level	
using	standard	keys	(Anderson,	Chabaud,	&	Willmott,	2009).
2.2 | DNA extraction and phylogenetic analyses
As	 many	 samples	 were	 not	 collected	 after	 observing	 defecation,	
and	most	primate	species	have	overlapping	ranges	 in	 the	area,	we	
conducted	 host	 species	 identification	 for	 all	 samples	 used	 in	 co-
procultures	 by	 extracting	 whole	 DNA	 from	 each	 collected	 fecal	
sample	and	amplifying	a	small	 fragment	of	 the	cytochrome b (cytb)	
gene,	 following	 the	protocol	described	 in	Frias	et	al.	 (2018).	Then,	
64	 strongylid	 larvae	 were	 individually	 selected	 at	 random	 for	
DNA	extraction	 (Table	2)	using	a	QIAamp	DNA	micro	kit	 (Qiagen,	
Japan).	PCRs	were	conducted	targeting	a	fragment	of	the	mitochon-
drial cytochrome c oxidase subunit 1 (cox1)	 gene	 using	 the	 primers	
StrCoxAfrF	 (5′-GTGGTTTTGGTAATTGAATGGTT-3′)	 and	 MH28R	




manufacturer	 supplied	 reaction	 buffer.	 Thermal	 reaction	was	 per-
formed	under	an	initial	denaturation	at	94°C	for	2	min,	followed	by	
30	 cycles	 of	 98°C	 for	 15	s,	 45°C	 for	 30	s,	 and	68°C	 for	 30	s,	 and	
a	 final	 extension	 at	 68°C	 for	 5	min. Following	 PCR	 amplification,	
nonspecific	products	were	 removed	 from	 the	amplicons	using	 the	
Agencourt	 AMPure	 system	 (Agencourt	 Bioscience	 Corp.,	 Beverly,	
MA)	and	aliquots	were	sequenced	in	an	ABI-PRISM	3,130	Genetic	
Analyzer	 (Applied	 Biosystems,	 CA,	 USA).	 Nucleotide	 sequences	
were	 aligned	 and	 minimally	 adjusted	 in	 MEGA	 6.06	 (Tamura,	
Stecher,	 Peterson,	 Filipski,	 &	 Kumar,	 2013).	 To	 provide	 phyloge-
netic	 context	 to	 the	analysis,	we	 included	published	 sequences	of	
cox1	from	Oesophagostomum	spp.	infecting	several	primate	species.	














Mf1 11 O. aculeatum (11)
Mf2 10 O. aculeatum (10)
Mf3 1 O. aculeatum (1)





















Pp1 17 O. aculeatum (17)
Pp2 5 O. aculeatum (5)
Pp3 13 O. aculeatum 
(12)/T. deminutus 
(1)

















low	to	moderate	 (38%),	and	although	most	 fecal	 samples	used	 for	
coprocultures	 turned	out	 to	 be	 strongyle-negative	 by	microscopy,	







unpublished	data),	 varied	 among	primate	 species	with	 the	highest	
prevalence	 observed	 in	 orangutans	 (42.8%)	 and	 the	 highest	mean	
EPG-abundance	observed	in	colobines	(413	±	1,028	for	silvered	lan-
gurs,	and	835	±	1,423	for	proboscis	monkeys).






Ternidens deminutus.	Phylogenetic	 analysis	of	O. aculeatum	 isolates	
consisted	of	an	alignment	of	114	sequences	trimmed	to	766	bp	to	
ensure	comparison	among	homologous	 regions	of	 the	gene.	Mean	
intra-species	 variation	 for	 O. aculeatum,	 O. stephanostomum, and 
O. bifurcum	 amounted	 to	 1.8%,	 1.9%	 and	 8.9%	 respectively,	while	
overall	mean	 interspecies	variation	was	9.9%.	NJ	and	ML	trees	re-
sulted	in	similar	topologies;	therefore,	only	the	ML	tree	is	presented	
(Figure	 1).	 The	 phylogenetic	 tree	 shows	 a	 first	 split	 distinguishing	
O. stephanostomum	 from	 O. aculeatum and O. bifurcum	 (Figure	 1).	







Samples	 from	 orangutans	 and	 long-tailed	 macaques	 are	 spread	
throughout	 the	Bornean	 group,	while	 samples	 from	 colobines	 are	
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only	present	in	one	of	them.	It	should	be	noted	here	that	the	colo-
bine	 data	 comprised	 only	 three	 individual	 larvae	 from	 three	 fecal	




derstand	 the	 role	 of	 species	 heterogeneity	 in	 a	 transmission	 pro-
cess	 involving	 parasites	 acquired	 through	 shared	 habitat	 use,	 as	
certain	species	will	be	more	susceptible	than	others	to	infection	or	
more	likely	to	contribute	to	parasite	transmission	(Morgan,	Milner-



















Blotkamp,	 1995).	Oesophagostomum	 spp.	 infection	 in	 communities	
of	 African	 primates	 at	 Mahale,	 Kibale,	 and	 Taï	 has	 revealed	 that	
not	only	 is	 the	parasite	detectable	 in	 feces	 (Ghai,	Chapman	et	 al.,	
2014;	Kooriyama	et	al.,	2013;	Kouassi	et	al.,	2015),	but	it	may	have	
consequences	 for	 individual	 health.	 Clinical	 signs	 associated	 with	
the	onset	of	disease	have	been	observed	in	both	chimpanzees	and	
baboons	(Papio anubis),	and	chimpanzees	have	been	observed	swal-
lowing	whole	 leaves	to	purge	 intestinal	worms	 (Huffman	&	Caton,	
2001;	 Huffman	 et	 al.,	 1996;	 Terio	 et	 al.,	 2011,	 2018).	 Given	 that	
Oesophagostomum	spp.	and	other	strongylid	nematodes	are	known	
to	 impact	health	and	fitness	 in	a	broad	range	of	nonprimate	hosts	








ics	 than	 that	 observed	 in	 chimpanzees.	 A	 recent	 study	 looking	 at	





asite	could	be	a	venue	 for	 future	exploration	 in	 this	 regard.	 It	has	
been	 suggested	 that	 diets	 with	 high	 levels	 of	 insoluble	 digestible	
fiber,	 such	as	wheat	bran,	whole	grains,	 and	cereals,	 favor	O. den-
tatum	survival,	growth,	and	reproduction	in	farm	pigs,	 leading	to	a	
significant	increase	in	the	parasite's	infection	intensity	(Petkevičius,	
Nansen,	 Knudsen,	 &	 Skjøth,	 1999).	 Colobines’	 low-digestible	 diet,	
consisting	mostly	of	 leaves,	seeds,	and	unripe	fruit	 (Chivers,	1994)	
may	have	a	regulatory	function	in	the	parasite's	ecology.
Oesophagostomum aculeatum	 was	 not	 the	 only	 strongylid	
nematode	infecting	Bornean	primates	observed	in	this	study.	We	
were	also	able	to	genetically	 identify	a	single	 isolate	of	Ternidens 
deminutus	 (Nematoda,	 Strongylida)	 from	 a	 Bornean	 orangutan.	
T. deminutus	 is	an	understudied	nematode	 infecting	primates	and	
has	 been	 regarded	 as	 a	 zoonotic	 parasite	 able	 to	 affect	 human	
health	(Hemsrichart,	2005).	Given	the	shared	morphology	of	their	
eggs,	 if	T. deminutus	 co-occurs	with	 other	 strongylid	 nematodes,	
such	 as	 hookworms	 or	 other	 species,	 its	 presence	 can	 be	 easily	
overlooked	 in	coprological	analysis	 for	parasite	evaluation	 in	pri-
mates,	much	 like	Oesophagostomum	 spp.	Ternidens deminutus	 has	
been	 genetically	 characterized	 in	 olive	 baboons	 and	mona	mon-
keys	(Cercopithecus mona)	in	Ghana	(Schindler,	Gruijter,	Polderman,	




In	 conclusion,	 our	 results	 show	 a	 widespread	 distribution	
of	 O. aculeatum	 in	 this	 primate	 community,	 in	 agreement	 with	
previous	 observations	 of	 a	 different	 soil-transmitted	 helminth	
(Strongyloides	 spp.)	 infecting	 the	 same	 community	 (Frias	 et	 al.,	
2018),	 further	 suggesting	 that	 extensive	 habitat	 overlap	 in	 pri-
mates	 may	 be	 contributing	 to	 the	 little	 parasite	 genetic	 sub-
structuring	 observed.	 Continuous	 parasite	 gene	 flow	 between	
host	 species	 suggests	 a	 high	 transmission	 potential	 enabled	 by	
host	movement	 (Blouin,	Yowell,	Courtney,	&	Dame,	1995).	 From	








that	 O. bifurcum and O. stephanostomum	 do.	 Strongyle-like	 eggs	
are	 often	 assigned	 to	 hookworm	 eggs	 in	 areas	where	 the	 latter	
represent	 an	 infection	 of	 public	 health	 concern.	Hookworm	 has	
been	reported	 in	surveys	 looking	at	helminthiases	 infecting	chil-
dren	in	rural	areas	and	indigenous	communities	in	West	and	East	
Malaysia	(Anuar,	Salleh,	&	Moktar,	2014;	Huat	et	al.,	2012;	Mohd-
Shaharuddin,	 Lim,	 Hassan,	 Nathan,	 &	 Ngui,	 2018;	 Rajoo	 et	 al.,	
     |  7FRIAS et Al.
2017),	but	they	are	often	not	assigned	to	parasite	species	(but	see	
Ngui,	Lim,	Traub,	Mahmud,	&	Mistam,	2012,	Sahimin	et	al.,	2017).	
Surveys	 targeting	human	populations	 living	 in	close	proximity	 to	
nonhuman	 primates	would	 go	 a	 long	way	 toward	 exploring	 that	
possibility.
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